Abstract: Immunosensors are devices that exploit immobilized antibodies to promote the binding of specific analytes related to diseases of medical importance, such as cancer or cardiac dysfunctions. Label-free immunosensors have an important role, due to their simplicity and fast read-out. Here, the proof of concept for an immunosensor based on a 2-D photonic crystal silicon nitride membrane is presented. The device has been fabricated by means of a well-tuned nanofabrication protocol, achieving a high-quality photonic pattern on a large-area membrane (1 mm Â 1 mm), and it has been tested for the detection of interleukin-6, getting protein detection at pg/mL concentrations.
Introduction
The monitoring of biomarkers is becoming the key point to prevent, diagnose and monitor important pathologic states, providing bio-chemical assays faster and cheaper than conventional laboratory tests and opening a new trend of innovative point-of-care platforms called immunosensors [1] . These biosensors use antibodies as bioreceptors [2] to provide selectivity and high affinity to the biorecognition event. The remarkable binding properties of antibodies and the possibility to produce them for a wide range of analytes have promoted the design of immunosensors for diverse types of assays and the application in monitoring areas such as health [3] , [4] , environment [5] and food [6] , [7] analysis. Immunosensors can be subdivided according to the model of transduction such as piezoelectric, electrochemical or optical sensors. In this last class, label-free optical biosensors are particularly attractive since they use a method based on the variation of their optical properties that scales with analyte concentration [8] . A number of different label-free optical sensors have been proposed and developed, with approaches based on surface plasmon resonance [9] , ring resonators [10] , slot waveguides [11] , interferometric sensors exploiting porous silicon or porous alumina [12] , [13] , and ultra-high-Q whisperinggallery-mode resonators [14] .
In the last years photonic crystal (PhC)-based label-free biosensors have been also investigated in different configurations, such as cavity [15] - [18] , line-defect [19] and slab [20] .
Photonic crystals [21] , [22] are structures composed by a periodic arrangement of materials with different refractive indexes ðnÞ and able to transmit or reflect well determined electromagnetic wavelength ranges by tuning their geometrical parameters such as the periodicity p or the radius r . These properties make them good candidates for designing photonic immunosensors with a strong coupling between guided and radiated modes that are very sensitive to environment variations.
In this work, the design, fabrication and testing of a label-free membrane immunosensor, able to detect proteins in solution, is described. A sketch of the realized biosensor is shown in Fig. 1 . It is based on a two dimensional (2D) PhC in membrane configuration [23] - [25] patterned on a large area of 1 mm 2 on a silicon (Si) substrate. The structure has been made in silicon nitride ðSi 3 N 4 Þ, which is a suitable material for this application thanks to its biocompatibility, high refractive index ðn $ 2Þ and mechanical properties.
The sensor surface and the hole sidewalls have been functionalized to covalently bind antibodies that allow the selective recognition of the analyte in a phosphate buffer saline (PBS) solution. In this case, the biomarker used during the experimental tests is the interleukin-6 (IL-6) protein, which is a cytokine produced by cells in some pathologies such as oral cancer and Alzheimer, as further detailed in Section 3.
The detection of the IL-6 was performed in reflection mode, evaluating the wavelength shift of the resonance peaks (Fano resonances), in visible (VIS) and near-infrared (NIR) spectra, caused by exposure of the anti-IL-6 antibody functionalized sensor to different concentrations of IL-6 protein.
The choice to use a membrane slab instead of a microcavity structure was led from the need to collect signal from the entire large surface using a simple and cost-effective read-out system. In fact, in the microcavity case, the signal mainly comes from the analyte bound in the cavity area where the electromagnetic field is localized. Moreover, the optics to collimate and align a little light spot with the cavity is necessary, increasing the cost and affecting the portability of the system.
Even if enzyme-linked immunosorbent assay (ELISA) [26] is already used to detect IL-6 in clinical assays, this is not a real-time method, usually involving time-consuming protocols. For these reasons, a label-free approach able to detect IL-6 in real-time at very low concentrations (e.g., IL-6 concentration in serum of a healthy individual is G 6 pg/mL, while in patients with oral cancer it ranges from 20 to over 1000 pg/mL) [27] would be a powerful tool for clinical diagnosis. 
Numerical Simulations and Nano-Fabrication Protocol
A numerical analysis based on the Finite Difference Time Domain (FDTD) method has been used to investigate the behavior of the sensor in the VIS-NIR spectral range: the simulations have been performed in a PBS environment (refractive index n $ 1:34) by changing the radius r of the holes and the periodicity p, aiming to obtain sharp Fano resonances in the wavelength range of interest. During simulations, the thickness of the Si 3 N 4 membrane has been set to 300 nm, satisfying both optical and mechanical requests. In fact, a thin membrane increases the sensitivity and quality factor, but it could suffer of bowing in the periodicity plane, causing a degradation of the performance and even the formation of cracks, especially when large suspended areas are required.
The described analysis allowed to design a structure that shows resonant wavelengths located at about 640 nm (the 1st peak) and 760 nm (the 2nd peak) for a p ¼ 460 nm and r equal to 0:35 Ã p, 0:30 Ã p, and 0:25 Ã p as shown in Fig. 2 . Once the geometrical parameters were defined, the 2D PhC immunosensor was fabricated using an optimized process protocol, which allowed us to achieve a high quality photonic structure on a large Si 3 N 4 membrane area (1 mm Â 1 mm).
We started the fabrication process by writing the 2D PhC pattern by means of electron beam lithography (EBL) exposure on a 400 nm-thick ZEP520A resist layer. Then the pattern was transferred into the Si 3 N 4 layer via anisotropic inductively coupled plasma (ICP) etching. Finally, the chip was immersed in a tetramethylammonium hydroxide (TMAH) solution that, by means of a wet etching, removed the underlying layer of Si by allowing the membrane release.
During the optimization process, we have experimentally verified that there is not a cavity effect between the patterned silicon slab and the etched silicon substrate. In fact, the developed wet etching process makes the etched silicon surface very rough leading to an experimental reflectance lower than 5% over the whole spectral range of interest. This reflectance has been measured after removing the patterned Si 3 N 4 slab. Fig. 3 shows an in-plane image of the fabricated 2D PhC membrane acquired by means of scanning electron microscopy (SEM): the inset shows the SEM cross-section image of the membrane obtained by means of focussed ion beam (FIB) milling.
In Fig. 4 is reported a sketch of the realized immunosensor large membrane consisting of a 10 Â 10 matrix where each green square represents a 100 m Â 100 m PhC membrane. This approach gives us the chance to get a large sensing area without structural problems and with good optical properties.
Experimental Results
Structures with period p ¼ 460 nm and r ¼ 0:25 Ã p have been fabricated and tested. The measurements have been performed at normal incidence focusing a tungsten white lamp spot (filtered from 400 nm to 750 nm) on the chip. Then, the reflected light has been collected by an aspherical fiber lens and sent to an optical spectrometer via an optical multimode fiber. In Fig. 5(a) is reported a typical reflection spectrum at normal incidence acquired when the sensor was immersed in isopropanol (IPA) solution. The experimental spectrum (red line) shows Fano resonances in the visible spectrum at about 640 nm for the 1st peak and around 760 nm for the 2nd peak in good agreement with the simulation (blue line), while the small discrepancy between the experiment and simulations is due to the fabrication tolerances and to the intrinsic losses (k, extinction coefficient) of the Si 3 N 4 slab. The sensor has also been tested in IPA and ethanol, revealing a wavelength shift as the refractive index is varied as reported in Fig. 5(b) . These results also demonstrate the ability of the device to sense the variation of the refractive index of the solution in which the sensor is immersed. The fabricated 2D PhC was functionalized by plasma polymerization, using allyl glycidyl ether as the monomer. Initially, the deposition was optimized to reduce the thickness of the polymer while providing a high density of available epoxide groups. Control of the deposition time allowed polymer thicknesses below 100 nm. A thickness of 60 nm was considered adequate to allow penetration into the cavities, while avoiding their blockage. Moreover, we also checked the position of the resonant peaks after polymerization at different spots, finding a relative standard deviation (RSD) similar to that found prior to polymerization (RSD ¼ 0:1% obtained over 10 measurements), thus confirming the homogeneity of the polymer around the PhC. As shown in Fig. 6(a) , the resonant peak is shifted towards higher wavelength values, confirming the modification, while keeping the photonic crystal features. The presence of the polymer on the surface resulted in an increase in the dielectric permittivity that caused a red-shift of the reflected peak wavelength values. Epoxide groups reacted with primary amine groups from the antibody at a moderate alkaline pH (100 g/mL antibody solution in 0.05 M carbonate buffer, pH 9.6). Remaining epoxide groups were blocked by 30 minutes incubation in 1 M ethanolamine solution.
The red-shift of both resonant peaks was followed after consecutive IL-6 incubations, providing the calibration curve shown in Fig. 6(b) . The sensitivity of the assay, calculated as the initial slope of the plots in Fig. 6(b) , is 2:1 Á 10 À3 nm/(pg/mL). The detection limit determined as 3=sensitivity is equal to 1.5 pg/mL, where is the standard deviation for the blank (PBS solution without IL-6). Results are similar to those obtained for other biosensors using a PhC slab and a reflectance-based read-out configuration [28] . Moreover, as in a ill patient the concentration of IL-6 is higher than 1 pg/mL, it is possible to assume that our device can properly work as biosensor, proving to be the proof-of-concept for a medical aid device. 
Conclusion
In conclusion, we have reported on the design, fabrication and characterization of an immunosensor for the fast and accurate detection of biomarkers related to the diagnosis and prevention of complex diseases, such as cancer and Alzheimer. To this purpose, a powerful sensing platform characterized by a large (1 mm 2 ) Si 3 N 4 2D-PhC membrane working in the VIS-NIR spectral range, has been fabricated by means of a high standard fabrication protocol. The experimental results are in good agreement with the numerical simulations, highlighting the versatility of the photonic immunosensor to sense the variation of the refractive index of the solution in which it is immersed. The large 2D-PhC membrane has also been functionalized by plasma polymerization and coated with anti-IL-6 antibodies for the detection of IL-6 protein in solution, demonstrating good sensitivity and reproducibility. We believe that the proposed label-free immunosensor may offer a very promising way for the realization of innovative devices able to reduce cost and time in medical diagnosis.
